Aim: To clarify the age-related changes in muscle elasticity or thickness of the lower extremities in older women, and to analyze their relationship with physical functions.
Introduction
Muscle functions usually decline with age, especially in the lower extremities than in the upper extremities. 1 Previous studies reported that muscle thickness of the lower extremities was lower in older individuals (mean age 73.0-83.2 years) than in young individuals (mean age 19.8-22.0 years). [2] [3] [4] [5] Recently, some authors have reported that the elasticity of the biceps brachii and supraspinatus, measured using ultrasound elastography, was higher with age. 6, 7 Alnaqeeb et al. showed that the collagen and connective tissue in the extensor digitorum longus of rats increased with age, 8 and these non-contractile tissues were correlated with increasing muscle elasticity. 9 Furthermore, in the lower extremities, muscle elasticity is considered to increase with aging, but the effect of age has not been clarified. The muscle thickness of the quadriceps femoris is correlated with knee extension strength, 3 gait speed and Timed Up and Go test (TUG) score. 10 Meanwhile, the muscle elasticity is associated with muscle flexibility, 11 and the ankle plantar flexor flexibility is a predictor of dynamic balance ability and gait speed. 12 Furthermore, several authors reported that improvements of the ankle plantar flexor and hip flexor flexibility led to increased gait speed. 13, 14 Although high elasticity of these muscles is considered to be related to a decline in gait and dynamic balance abilities in older individuals, its relationship is poorly understood. In addition, Charlier et al. showed a stronger age-related decline in muscle function in women compared with men. 15 Therefore, the present study focused on the rectus femoris (RF) and medial head of the gastrocnemius (MG) in older women, which are included in the hip flexor and ankle plantar flexor.
The purpose of the present study was to clarify the age-related changes in muscle elasticity and thickness in the RF and MG in community-dwelling older women, and to analyze the relationship between these values and physical functions. We hypothesized that the elasticity of the RF and MG was higher in older individuals than in young individuals in response to decreased muscle thickness, and these age-related changes were associated with a decline in physical functions.
Methods

Participants
The present study was cross-sectional. From May to November in 2017, a total 323 women were enrolled in our study, including 102 healthy female university students (young group: mean age 19.2 AE 1.4 years; mean height 159.6 AE 7.5 cm; mean weight 53.5 AE 6.5 kg; mean body mass index 21.1 AE 2.1) and 221 healthy community-dwelling, elderly women (elderly group: mean age 73.4 AE 6.0 years; mean height 157.7 AE 11.3 cm; mean weight 53.8 AE 8.4 kg; mean body mass index 23.5 AE 3.4). The young group was recruited through campus advertising and the elderly group was recruited from the participants of an exercise class held in Akita City, Japan, twice a month by an Akita City-based advertisement. Individuals who had a history of surgery in the trunk or lower extremity, stroke, Parkinson's disease and suspected dementia (Mini-Mental State Examination score <24) or who were unable to walk without assistive devices were excluded from either group. They volunteered as participants after a medical screening; none of them had symptoms of cardiovascular disease, uncontrollable hypertension or hyperlipidemia. The study was approved by the ethics committee of Akita University Graduate School of Health Sciences, and written informed consent for the collection and use of the information was obtained from all participants in accordance with the Declaration of Helsinki.
Elasticity and thickness of the muscle
The elasticity and thickness of the RF and MG were measured by ultrasonography (Noblus; Hitachi, Tokyo, Japan) using a lineararray transducer with a frequency of 10 MHz (L64; Hitachi). On the supine position with the hips and knees extended, a short-axis image of the RF of the dominant leg, determined as the leg preferred for kicking, was obtained. 16 The transducer was placed on the midpoint between the anterior superior iliac spine and the proximal end of the patella. 4 The MG was examined in the prone position with the hips, knees and ankles extended. For its shortaxis image, the transducer was placed at 30% proximal between the lateral malleolus of the fibula and the lateral condyle of the tibia. 4 The participants were instructed to relax during the examination.
To measure muscle elasticity, ultrasound strain elastography was used, and as a reference of elasticity, an acoustic coupler (EZU-TECPL1; Hitachi) with an elastic modulus of 22.6 AE 2.2 kPa was placed onto the transducer with a plastic attachment (EZU-TEATC2; Hitachi). 17 Ultrasound strain elastography was carried out using a two-screen display; the right screen displayed the short-axis image of the muscle in the B-mode image, and the left screen displayed the real-time tissue elastography image. In the real-time tissue elastography image, the color scale of the region of the interest (ROI) ranged from red, for tissues with the greatest strain (softest tissues), to blue, for those with no strain (hardest tissues). Manual compression was applied rhythmically on the surface of each muscle using slight force that turned the color of the subcutaneous fat layer to red and the ROI to an even color ( Fig. 1 ). The frequency of compression was adjusted from 2 to 4 Hz, which was monitored using a strain graph. 17 After the real-time tissue elastography image was obtained, the strain ratio (SR; B/A), which was the ratio of strain of the muscle (A) to that of the acoustic coupler (B), was used as the index of elasticity ( Fig. 1) . 17 A higher SR indicates a hard muscle. To calculate the SR, the ROI of each muscle was set at the largest rectangle, which was inscribed on that muscle, and the ROI of the acoustic coupler was set to fit the width of the ROI of the muscle in the B-mode image.
The thickness of each muscle was measured as the maximum distance between the fascias on the B-mode image using the caliper function provided by the ultrasonography equipment (Fig. 2) . Both the SR and the thickness of each muscle were averaged over three measurements.
The reliability of the SR and muscle thickness of each muscle was assessed in a pilot study of 12 individuals (mean age 20.3 AE 1.4 years) who were selected randomly from the young group. These values were measured three times on the same day, and the intraclass correlation coefficients with their 95% confidence intervals (CI) were calculated. The test-retest reliability (intraclass correlation coefficients) for the SR of the RF and MG was 0.920 (95% CI 0.808-0.974) and 0.915 (95% CI 0.798-0.972), respectively, and for the muscle thickness of the RF and MG was 0.990 (95% CI 0.975-0.997) and 0.955 (95% CI 0.888-0.985), respectively. All ultrasonography measurements were carried out by the same investigator (A S), who had 7 years of experience in musculoskeletal sonography at the time of the investigation.
Physical function
In the elderly group, the physical function was measured using the knee extension strength, TUG, single-leg standing, maximum gait speed and Four Square Step Test (FSST). All measurements were carried out twice, and the higher value was used for the data analysis.
The maximum isometric strength (Nm) of the knee extensors of the dominant leg was measured using a dynamometer (Musculator GT30; OG Giken, Okayama, Japan) while participants were seated on the test chair, with the hip and knee joints flexed 90
. The trunk and pelvis were fixed by belts, and the force sensor was placed 10 cm above the lateral malleolus. 3 The participants were instructed to extend their knee joint as much as possible against the force sensor for 5 s. The knee extension torque was normalized by bodyweight (Nm/kg). For TUG, the time from standing up from a chair, to walking 3 m at their comfortable speed, to turning the marker, to returning to the chair and to sitting down again was measured. 18 The direction of turn was free. For single-leg standing, the time from the point when participants elevated their non-dominant leg to the point when they lost their balance was measured, and its upper limit level was defined as 60 s. 19 The maximum gait speed was measured on a 10-m walkway, with 2-m acceleration and deceleration areas at the start and end sections. 20 The participants were instructed to walk as fast as possible and not to run on the walkway. The FSST for the evaluation of dynamic balance and ability to step forward, sideways and backwards was carried out according to the procedure reported by Dite and Temple. 21 The participants were instructed to step over a square formed by four sticks on the floor as fast as possible without touching the sticks. The time taken to complete the sequence was recorded. All measurements of physical function were undertaken by our department and Akita City Public Health Center.
Statistical analysis
All variables were checked for normality by the Shapiro-Wilk test. The SR and the thickness of the RF and MG were compared between the young and elderly groups using Student's t-test. In the elderly group, the relationships between the SR and thickness of each muscle and physical function were analyzed using the Pearson correlation coefficient or Spearman's rank correlation coefficient. All statistical analyses were carried out using SPSS 23.0 (IBM Corporation, Armonk, NY, USA). The level of significance was set at P < 0.05.
Results
Muscle elasticity and thickness
The SR of the RF and MG were significantly higher in the elderly group than in the young group (both P < 0.001; Table 1 ). The thicknesses of the RF and MG were significantly lower in the elderly group than in the young group (both P < 0.001; Table 1 ).
Relationship among muscle elasticity, muscle thickness and physical function in the elderly group
The average physical function in the elderly group is shown in Table 2 , and the correlation coefficients among muscle elasticity, muscle thickness and physical function are listed in Table 3 . The SR of the RF was moderately correlated with TUG and FSST scores (ρ = 0.481 and 0.401, respectively, all P ≤ 0.001), and was weakly correlated with maximum gait speed (r = −0.387, P ≤ 0.001). Similarly, the SR of the MG was moderately correlated with TUG, maximum gait speed and FSST scores (ρ = 0.471, r = −0.489 and ρ = 0.422, respectively, all P ≤ 0.001).
The thickness of the RF was only moderately correlated with knee extension strength (r = 0.444, P ≤ 0.001). There was no significant relationship between the thickness of the MG and any physical function. 
Discussion
In the present study, the thickness of the RF and MG showed agerelated changes; the muscle thickness of the RF was 23.4% lower and the MG was 16.9% lower in elderly women than in young women. Several studies with varied sex distributions reported similar age-related changes in both muscles. In a study of Japanese women, Ikezoe et al. showed that the muscle thickness of the RF was 27.1% lower and that of the MG was 31.9% lower in elderly individuals than in young individuals. 4 In a study of both men and women (men : women 3:1), Nishihara et al. reported that the thickness of the RF was 34.0% lower. 5 Fujiwara et al. reported in a study of both men and women (men : women 3:5) that the thickness of the MG was 15-19% lower in elderly individuals than in young individuals. 2 As the thickness of the knee extensor and ankle plantar flexor measured by ultrasound was strongly correlated with muscle mass measured by magnetic resonance imaging, 22 these results indicate that community-dwelling Japanese women apparently have muscle atrophic changes in the RF and MG. These changes should be evaluated further in elderly Japanese men. Likewise, the elasticity of the RF and MG was higher in the elderly women than in the young women in the current study. Age-related changes in elasticity were previously described in other muscles or tendon in studies comprising both elderly men and women. Eby et al. reported that the elasticity of the biceps brachii of individuals aged >60 years increased with age. 7 Additionally, age-associated high elasticities of the supraspinatus and Achilles tendon were also reported. 6, 23 The men : women ratio in these studies ranged from 1:1 to 8:1. Therefore, from the results of previous reports and the present study, age-related changes in elasticities were observed regardless of sex, and they are common changes in men and women. These changes are considered to be associated with histological changes. Csapo et al. reported that the volume of the triceps surae decreased and intermuscular connective tissues increased with age. 24 In studies of rats and rabbits, connective tissue and collagen fiber increased with muscle atrophy or aging, and these changes were correlated with increased muscle elasticity. 8, 9 Hence, in healthy older women, the connective tissues and collagen fiber in the RF and MG are presumed to increase with age and/or muscle atrophy, resulting in the increase in muscle elasticity. In contrast, Akagi et al. recently reported that the elasticities of the RF and the lateral head of the gastrocnemius were lower in elderly individuals compared with younger individuals. 25 They evaluated the muscle elasticity on long-axis images using shear wave elastography. The difference in axis image might affect the discrepancy, because the muscle fiber or connective tissues arrangement in the ultrasound image are different. Gennisson et al. showed that muscle elasticity was different between images of along the muscle fiber and that of perpendicular to the muscle fiber. 26 These different results in muscle elasticity should be further investigated for definitively conclusions. The elasticities of the RF and MG were significantly correlated with TUG, maximum gait speed and FSST scores in the elderly group. TUG and FSST are known as the major methods for evaluating dynamic balance, and they are well correlated with gait speed. 18, 27 A previous study reported that the elasticity of the MG was related to its flexibility. 11 Menz et al. showed that ankle flexibility measured on the modified weight-bearing lunge test was an independent predictor of dynamic balance ability and gait speed. 12 Furthermore, several studies reported that improvements of hip and ankle flexibility were associated with increased gait speed. 13, 14 Therefore, the high elasticities of the RF and MG in the elderly group observed in the present study probably reduced hip and ankle flexibility, resulting in a decline in TUG score, maximum gait speed and FSST score. Conversely, the elasticity of the RF was not correlated with knee extension strength. Lima et al. reported that the elasticity of the MG was not correlated to ankle plantar flexion strength. 28 Csapo et al. described no correlations between muscle strength and total amount of non-contractile tissues within the triceps surae. 24 Accordingly, muscle strength might not contribute to muscle elasticity, which reflects the amount of non-contractile tissues.
The thickness of the RF and MG was not correlated with physical functions, except for the relationship between the RF and knee extension strength. Although this does not support the hypothesis, some previous studies reported that the thickness of the quadriceps femoris was not correlated with gait speed or TUG score in elderly individuals. 5, 29 Meanwhile, Guerreiro et al. showed the relationships between these values in their study of hospitalized elderly individuals. 10 Compared with the present study, their average of muscle thickness, gait speed and TUG score was extremely low. Elderly women with relatively good physical function, such as the participants of the present study, might compensate for the decreased muscle thickness with other physical functions. Therefore, the difference of participants might have influenced those results. The present study had several limitations. First, the measurement of muscle elasticity and thickness was limited to the RF and MG. Ikezoe et al. showed that age-related muscle atrophy of the vastus lateralis was associated with a decline in maximum gait speed. 30 Accordingly, further measurements of the thickness and elasticity of the vastus lateralis are required. The second limitation is that the ankle plantar flexion strength was not measured. For the measurement of ankle plantar flexion strength, considerably large equipment including a rigid fixator and a sensitive measuring system is mandatory. As all measurements were carried out in several community centers, accurate measurement of ankle plantar flexion strength was not evaluated in the present study. However, further study should be carried out to clarify the relationship between elasticity and thickness of the MG and ankle plantar flexion strength. The third limitation is that the spatiotemporal gait parameters were not measured. Therefore, the detailed mechanisms of the effect of muscle elasticity on maximum gait speed are unclear. Further measurements of the joint kinematics or/and mechanical power during walking are required. The fourth limitation is that middle-aged individuals were not included as participants. To clarify the effect of age on muscle functions, a detailed comparison in various age categories is necessary. The possible clinical implication of the present study is that even community-dwelling elderly women with relatively good physical function usually show age-related changes, such as high elasticity and atrophy of the RF and MG. The high elasticity of both muscles was associated with a decline in TUG score, maximum gait speed and FSST score, whereby evaluation of the muscle elasticity of the lower extremities might be one of the important evaluations in older individuals.
